DNA b is a circular single-stranded satellite DNA associated with certain monopartite begomoviruses (family Geminiviridae) which causes economically important diseases such as cotton leaf curl disease. DNA b contains a single gene, bC1, which encodes a pathogenicity protein responsible for symptom production. Transient expression studies in Nicotiana tabacum using the b-glucuronidase reporter gene driven by a bC1 promoter-deletion series of the DNA b associated with cotton leaf curl Multan virus identified a 68 nt region (between "139 and "207) which is important for bC1 transcription. This 68 nt region contains a G-box (CACGTG) located 143 nt upstream of the bC1 start codon. Mutation of the G-box resulted in a significant reduction in bC1 promoter activity and DNA b replication efficiency. In addition, the G-box motif was found to bind specifically to a protein(s) in nuclear extracts prepared from tobacco leaf tissues. Our results indicate that interaction of the G-box motif with host nuclear factors is important for efficient gene expression and replication of DNA b.
INTRODUCTION
The genus Begomovirus (type strain, bean golden yellow mosaic virus) is the largest group within the family Geminiviridae. The members of this genus have either monopartite or bipartite single-stranded DNA genomes, are transmitted by whiteflies and infect only dicotyledonous plants (Harrison & Robinson, 2002) . Begomoviruses are considered one of the largest and most successful groups of plant viruses and are responsible for numerous diseases of economically important crops, such as cassava, cotton, bean, pepper and tomato (Brown, 1992; Polston et al., 1994; Moriones & Navas-Castillo, 2000) .
Transcriptional regulation of geminivirus genes has been widely studied in both transient and stable transgenic systems (Eagle & Hanley-Bowdoin, 1997; Eagle et al., 1994; Haley et al., 1992; Ruiz-Medrano et al., 1999; Shivaprasad et al., 2005; Sunter & Bisaro, 1991 , 1992 Zhan et al., 1991) . Geminiviruses rely on host factors for transcription. Virus genes are transcribed by host RNA polymerase II and their corresponding mRNAs are polyadenylated and initiated downstream of either a TATA box motif or initiator elements (Eagle & Hanley-Bowdoin, 1997) .
Several cis-elements and transcription factor binding sites have been characterized in geminiviruses. Sequence analysis of the common region of a range of geminiviruses has shown that there is little sequence homology except for several conserved motifs including a G-box and TATA box (Arguello-Astorga et al., 1994; Eagle & Hanley-Bowdoin, 1997; Fenoll et al., 1990) . The G-box and TATA box mutant studies in tomato golden mosaic virus (TGMV) demonstrated that these motifs are important for transcription and also affect origin of replication activity (Eagle & Hanley-Bowdoin, 1997) .
Small circular single-stranded DNA satellites are associated with some monopartite begomoviruses, including cotton leaf curl Multan virus (CLCuMV), Ageratum yellow vein virus, tomato yellow leaf curl China virus (TYLCCNV) and Bhendi yellow vein mosaic virus, and they have been shown to be important for the induction of disease symptoms (Briddon et al., 2001; Jose & Ramakrishnan, 2003; Saunders et al., 2000; Zhou et al., 2003) . DNA b satellites are approximately 1350 nt and require a helper virus for replication and encapsidation Briddon & Stanley, 2006) . Analysis of DNA b sequences has revealed a conserved organization consisting of a single complementary-sense gene (bC1), an adenine-rich region and a satellite-conserved region that carries sequence similarity to the tomato leaf curl virus (ToLCV) satellite-DNA .
The DNA b associated with cotton leaf curl disease (CLCuD) encodes a single protein called bC1 which is a pathogenicity determinant (Saeed et al., 2005) and is required for symptom expression and enhancement of the accumulation of helper virus in host plants (Briddon et al., 2001) . Considering the importance of the bC1 gene in pathogenicity and production of symptoms in economically important diseases, such as CLCuD which is a major problem in cotton-growing areas (Briddon et al., 2001) , an understanding of the regulation and replication of this satellite DNA will be important in the design of disease resistance strategies. Here, we describe sequence domains which regulate bC1 promoter activity of a DNA b associated with CLCuMV. In addition, the role of a Gbox motif in the promoter activity, binding to plant nuclear factors and DNA b replication is reported.
METHODS
Plant expression vector construction and site-directed mutagenesis. Nucleotide numbering of the DNA fragments within the clones described below relates to the nucleotide position relative to the start codon of the bC1 gene sequence of CLCuMV DNA b (GenBank accession no. AJ298903; Briddon et al., 2001) . The plasmid pBI121 contains the b-glucuronidase gene (GUS) driven by the cauliflower mosaic virus (CaMV) 35S promoter.
A series of PCR fragments covering the putative promoter region of bC1 in DNA b associated with CLCuMV, upstream from the 59 end of the bC1 start codon, was amplified from a dimer of this satellite (Saeed et al., 2005) using DNA b-specific primers (P1 to P6; Supplementary Table S1, available in JGV Online) that contain added HindIII or BamHI restriction sites. These fragments were cloned into pDrive (Qiagen) and the identities of the sequences were confirmed before cloning into the HindIII/BamHI-digested pBI121 binary vector from which the 35S promoter fragment had been removed. The five expression constructs produced (Fig. 2a) were introduced individually into Agrobacterium tumefaciens strain C58 by electroporation for subsequent transient expression or Agrobacterium-mediated plant transformation. A promoterless pBI121 (pBI121D35S) construct was generated by digesting with HindIII/BamHI to remove the CaMV 35S promoter, end-filled and religated. This construct and the intact pBI121 vector were used as negative and positive controls, respectively, in the transient expression assays.
The G-box mutation was introduced into the 207 bp fragment flanking the bC1 start codon by site-directed mutagenesis with primers P7 and P8 (Supplementary Table S1 ) using a site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions. Mutation of the G-box motif from CACGTG to CCATGG was verified by DNA sequencing and the fragment was then cloned into the HindIII/BamHI-digested pBI121 to produce the b207 G-box mutant construct.
Transient expression assay and quantification of b-glucuronidase (GUS) activity. Transient expression analysis was carried out by agroinfiltration of tobacco (Nicotiana tabacum cv. Samsun) leaves as previously described (Usharani et al., 2006; Yang et al., 2000) . A. tumefaciens strain C58 containing different constructs was cultured in LB broth containing 100 mg kanamycin ml 21 and 50 mg rifampicin ml 21 until OD 600 of 1.0 was reached. Cells were pelleted by centrifugation and resuspended in 10 mM 2-(N-morpholino) ethanesulfonic acid (pH 5.5), 10 mM MgCl 2 and 100 mM acetosyringone to a final OD 600 of 0.8. Approximately 1 ml of bacterial suspension was infiltrated into each tobacco leaf using a 2 ml plastic syringe. These infiltrated tissues were used for fluorometric analyses after 2 days.
Quantitative GUS fluorometric assays were conducted according to the method described by Jefferson et al. (1987) , by using a fluorometer (Hoefer Scientific Instruments) to measure the fluorescence of 4-methylumbelliferone (MU) formed as a result of the cleavage of 4-methylumbelliferyl b-D glucuronide (MUG). Tobacco leaf discs were cut from infiltrated patches after 2 days, ground in liquid nitrogen, resuspended in 2.5 vols extraction buffer [50 mM sodium phosphate (pH 7), 1 mM EDTA, 0.1 % (v/v) sarcosyl, 0.1 % (v/v) Triton X-100, 0.078 % (v/v) b-mercaptoethanol] and vortexed for 15 s before centrifuging at 4 uC for 15 min at 25 200 g. A 20 ml aliquot of the supernatant was mixed with 430 ml preheated (37 uC) assay buffer containing 1 mM MUG, 40 % (v/v) methanol and 60 % (v/v) extraction buffer, and incubated at 37 uC. The reaction was stopped by mixing 50 ml aliquots of each reaction mix with 950 ml stop buffer (0.2 M sodium carbonate). Protein content of the samples was determined with the BioRad protein assay reagent according to the manufacturer's instructions. GUS activity was calculated as the production of MU from MUG in pmol min 21 (mg protein)
21 .
Plant nuclear protein extraction. Nuclear proteins were extracted from Nicotiana benthamiana leaves as described by Escobar et al. (2001) . Approximately 5 g freshly collected leaves were ground in a chilled mortar and added to 2.5 vols extraction buffer [50 mM Tris/ HCl (pH 7.5), 5 mM MgCl 2 , 0.1 mM EDTA, 1 mM DTT, 0.3 M sucrose, 15 mM KCl, 0.2 mM phenylmethylsulphonyl fluoride (PMSF) and 10 mg protease inhibitor ml 21 (containing equal amounts of leupeptin and pepstatin)]. The resulting homogenate was filtered through Miracloth (125 mm pore size) and centrifuged at 4300 g for 10 min at 4 uC. The pellets containing the nuclei were suspended gently in 500 ml protein isolation buffer [10 mM Tris/HCl (pH 7.5), 1 mM DTT, 0.4 mM NaCl, 0.2 mM PMSF, 10 mg protease inhibitor ml 21 ]. The suspension was maintained at 4 uC for 30-40 min, stirring for 5 s every 6 min, and then transferred to Eppendorf tubes and centrifuged at 12 000 g for 15 min at 4 uC. The crude nuclear protein extract (supernatant) was stored in 20 % (v/v) glycerol at 270 uC.
Electrophoretic mobility shift assay (EMSA). Binding of nuclear proteins to the G-box motif was tested by EMSA as described previously (Davidson et al., 2001; Shung et al., 2006) . Two pairs of oligonucleotides (P11/P12 and P9/P10, respectively; Supplementary Table S1) containing the G-box motif and the mutant of this motif were annealed and labelled by end-filling with Klenow DNA polymerase in the presence of [a-
32 P]dCTP. Binding reactions contained 1 ng radiolabelled probe (5000-10 000 c.p.m.) and 5-10 mg nuclear protein extract in a final volume of 20 ml, containing 50 mM Tris/HCl (pH 7.5), 5 mM MgCl 2 , 2.5 mM EDTA, 2.5 mM DTT, 20 % (v/v) glycerol, 250 mM NaCl. All reactions also contained 1 mg of a non-specific competitor, poly(dI-dC). Specific competitors were added to each reaction mixture, as described in the individual experiments. The reaction mixtures were analysed on 6 % polyacrylamide gels in low ionic-strength 0.56 Tris/borate/EDTA buffer. The gels were pre-electrophoresed at 120 V for 30 min prior to loading the samples and then run at 120 V for 1-2 h at 4 uC.
Following electrophoresis, the gel was dried and bands were visualized by using autoradiography.
Replication assay of DNA b containing a G-box mutation. To produce a partial repeat construct of DNA b containing a mutation in the G-box for the replication assay, a pBin-0.2 b vector was made by cloning a 280 bp SnaBI/KpnI fragment of DNA b into a binary vector, pBin20 (Hennegan & Danna, 1998) . A full-length DNA b containing a G-box mutation was prepared using pBS-b (Saeed et al., 2005) as a template and two primer sets P9/13 and P10/P14 (Supplementary Table S1 ) in a thermal cycled fusion as described by Khan et al. (1990) . The integrity of this mutant was confirmed by sequence analysis. A head to tail partial repeat of the DNA b mutant was constructed by cloning a monomer of the DNA b mutant into the KpnI site of the pBin-0.2 b to produce pBin-bmut.
The pBin-bmut construct was introduced into A. tumefaciens strain C58 by electroporation (BioRad). The A. tumefaciens C58 cultures harbouring either pBin-bmut, an infectious 1.2-mer of the DNA b (Saeed et al., 2005) , or a tandem-repeat construct of ToLCV in pBin19 (Rigden et al., 1996) were used for inoculation of N. benthamiana leaf strips as described by Dry et al. (1997) .
DNA b replication was analysed by real-time PCR (qPCR). Total DNA was extracted from leaf strips after 5 days and treated with RNase A (600 mg ml 21 ) for 1 h at 37 uC, then 100 ng of DNA was placed into a reaction containing 26.6 pmol of primers P15 and P16 and Absolute QPCR SYBR Green buffer (ABgene). The qPCRs were carried out in a RotorGene 2000 real-time PCR instrument (Corbett Research). The relative DNA b copy number for each sample was calculnted against a housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), using primers P17 and P18 (Supplementary Table S1) as described by Takos et al. (2006) . The identity of the PCR products was confirmed by sequencing.
RESULTS

DNA b sequence analysis
The sequence of the putative promoter region of the CLCuMV DNA b (Briddon et al., 2001) was analysed for the presence of plant cis-regulatory elements using the plantCARE database (Lescot et al., 2002) . Several putative regulatory motifs and cis-elements were predicted, including a TATA box and a G-box, located at 234 and 2142 nt, respectively, upstream of the bC1 start codon (Fig. 1) . A conserved late element (CLE) motif (GTGGTACC), which is conserved in most geminiviruses (Arguello-Astorga et al., 1994; Eagle & Hanley-Bowdoin, 1997; Fenoll et al., 1990) , was predicted at 2732. A DNA-binding motif (TGACG), a number of CAAT motifs and putative phloem-specific motifs (Box I, ASL box and Box II) (Yin et al., 1997) were predicted at different sites of the potential bC1 promoter (Fig. 1) .
Identification of promoter elements regulating bC1 expression
CLCuMV DNA b expresses a single functional transcript from the bC1 gene (Saeed et al., 2005) . To define the promoter region controlling bC1 expression, a series of 59-truncated bC1 promoter-GUS constructs were made (Fig. 2a) and analysed by transient assay for the expression of GUS in tobacco leaves (Usharani et al., 2006; Yang et al., 2000) . The longest promoter construct (b989) encompassed the entire non-coding region upstream of the bC1 Fig. 1 . The nucleotide sequence of CLCuMV DNA b used in this study. The G-box and TATA-box, both putative cis-acting elements, are boxed; putative phloem-specific motifs (Box I, Box II, ASL box and other elements) are underlined; CAAT-boxes are shaded; the CLE element is shown in lower case italics; a TGACG motif is shown in bold; and the bC1 start codon is indicated in lower case at the end of the sequence. The position of 59 deletion sites used to generate promoter deletion constructs are indicated by individual characters in bold type.
open reading frame in order to include all possible promoter regulatory elements. Fig. 2(a) shows the results of two independent experiments, in which each of the bC1 promoter-deletion constructs were agroinfiltrated into six individual plants and GUS activity was measured after 2 days. Promoter-deletion constructs exhibited varying GUS activities, depending on the length and context of the remaining 59 flanking sequence (Fig. 2a) . GUS activity in tissues infiltrated with the full-length promoter construct, b989, was approximately half that observed in tissues infiltrated with the 35S-GUS expression construct, pBI121 (Fig. 2a) . Deletion of the region from 2989 to 2448 resulted in only a minor reduction in GUS activity. Surprisingly, further deletion of the A-rich region (2448 to 2207) in construct b207 resulted in a marked increase in promoter activity to a level higher than that observed with pBI121. Finally, further deletion of the promoter region between 2207 to 2139 in construct b139 led to almost complete loss of GUS activity compared with the promoterless pBID35S construct (Fig. 2a) . Based on these results, it would appear that sequences required for bC1 gene promoter activity lie within a 68 nt region between 2139 and 2207 nt upstream of the start codon.
A G-box motif regulates bC1 promoter activity and binds to host nuclear proteins Fig. 1 indicates the presence of a putative G-box motif (CACGTG) within the region determined, by the promoter-deletion experiments, to be essential for bC1 promoter activity. To determine the role of this putative Gbox element in bC1 transcription, this motif was mutated from CACGTG to CCATGG to produce the b207 mutant. Quantitative measurement of GUS activity in a transient assay showed GUS expression from the b207 mutant construct to be approximately 40 % lower (P,0.05) than that obtained with the intact b207 construct (Fig. 2b) , confirming that this element regulates bC1 promoter activity.
To determine whether this regulatory G-box motif in the promoter of DNA b is capable of interacting with host nuclear proteins, an EMSA was carried out using a doublestranded oligonucleotide spanning the G-box motif. Total soluble protein extracted from nuclei of N. benthamiana leaf tissue was found to bind to the G-box motif (Fig. 3,  lane 1) . However, no interaction with nuclear proteins was observed using a mutated G-box oligonucleotide (Fig. 3,  lane 2) , demonstrating the specificity of this interaction. The interaction of nuclear proteins with the G-box oligonucleotide was also decreased by competition with unlabelled G-box oligonucleotide (Fig. 3, lanes 3 and 4) , further demonstrating the specificity of the interaction of the DNA b G-box motif with host nuclear proteins.
Role of the G-box motif in DNA b replication
The G-box motif is important for bC1 promoter activity and specific binding to the host nuclear proteins. To investigate whether this motif is also important for DNA b replication, a partial repeat construct of the DNA b mutant was prepared and tested for replication in the tobacco leaf strip assay using ToLCV as a helper virus. Fig. 4 shows that mutation of the G-box reduced the level of replication of the DNA b mutant by approximately 40 % compared with the full-length intact DNA b, suggesting that the G-box motif has a role in DNA b replication.
DISCUSSION
Elements required for bC1 promoter activity Saeed et al. (2005) have previously shown that the DNA b associated with CLCuMV expresses a single transcript from the bC1 gene which encodes a protein required for symptom expression and enhancement of the accumulation of helper virus in host plants (Briddon et al., 2001) . The aim of this study was to investigate the gene regulation and replication of this important satellite DNA.
Promoter-GUS expression studies in tobacco indicated that the activity of the full-length (989 nt) bC1 promoter of CLCuMV DNA b was approximately half of that observed with the CaMV 35S promoter (Fig. 2a) . This is somewhat higher than that observed with transient expression of the full-length bC1 promoter from TYLCCNV DNA b (Guan & Zhou, 2006) , which was found to have only 13 % of CaMV 35S promoter activity under similar conditions. This may reflect the sequence variation of these DNA b molecules in the promoter region (54 % identity) and also differential activities of the bC1 promoters in N. tabacum (this study) relative to N. benthamiana (Guan & Zhou, 2006) . Surprisingly, deletion of the A-rich region (2448 to 2207) of CLCuMV DNA b resulted in a threefold increase (ANOVA, P,0.05) in GUS expression (Fig. 2a) . The A-rich region contains a TGACG motif (Fig. 1) , which has been shown to be important for DNA-protein interactions in plants (Lam et al., 1989) . Interestingly, this DNA binding Fig. 3 . EMSA of the G-box motif. DNA binding assays were analysed using [a-
32 P]dCTP-radiolabelled double-stranded oligonucleotides spanning the G-box motif and a mutant of this motif. These oligonucleotides were incubated with nuclear extracts isolated from tobacco leaf tissue in the absence (lane 1) or presence (lane 3, 70¾ molar excess, and lane 4, 10¾ molar excess) of specific unlabelled competitor oligonucleotides. Mutation of the G-box (lane 2) led to no binding to tobacco nuclear proteins. The positions of unbound probe and bound complex are indicated. motif is absent from the A-rich region of TYLCCNV DNA b, in which no such increase in promoter activity was observed when the comparable region was deleted from the bC1 promoter (Guan & Zhou, 2006) . Therefore, this DNA binding motif, and possibly other elements within the Arich region, may act as negative regulatory elements. This is consistent with the possible action of an AT-rich sequence as a negative regulator in the C1 promoter of the CLCuMV .
The GUS expression assay also revealed that a 68 nt fragment upstream of the start codon, which contains a Gbox, was important for bC1 promoter activity. This is in agreement with the recent observation that a 173 nt fragment upstream of the bC1 start codon, which also contains a G-box, was shown to be sufficient for basic bC1 promoter activity in TLCCNV DNA b (Guan & Zhou, 2006) . The G-box element is present in the promoter region of a number of genes in plants and geminiviruses (Schindler et al., 1992; Eagle et al., 1994; Hanley-Bowdoin et al., 1999) and can bind to plant proteins that are involved in activation of transcription.
A G-box motif regulates the expression of bC1
Deletion of the bC1 promoter region, including a fragment between 2207 and 2139 upstream of the bC1 start codon in the b139 construct, resulted in a 27-fold reduction in promoter activity, approaching that obtained with the promoterless GUS control construct (Fig. 2a) . This demonstrates that construct b139 lacks the essential regulatory elements required for bC1 expression, whereas the genomic region between nt 2139 and 2207 contains active regulatory elements.
Site-directed mutagenesis of the G-box located within this region resulted in a 40 % reduction in promoter activity (Fig. 2b) . This is consistent with the observed significant reduction of transcription activity of the AL61 promoter in TGMV following mutation of the first and third positions of the hexameric core of the G-box (Eagle & HanleyBowdoin, 1997) , which led to the conclusion that TGMV utilizes a host G-box factor to activate transcription of the AL61 promoter. Similarly, mutation of the G-box motif in Arabidopsis rbcS-1A and Adh promoters resulted in 60-70 % reductions in promoter activity (Donald & Cashmore, 1990; McKendree & Ferl, 1992) , supporting the active role of this motif in promoter activity. Specific binding of the G-box motif of DNA b to the tobacco nuclear proteins (Fig. 3) reinforces the importance of the role of the G-box in bC1 promoter activity and suggests that a host G-box factor(s) may be involved in transcription of the bC1 gene.
A bC1 promoter element affects DNA b replication There is considerable evidence from work on fungal and animal replicons indicating that proteins that bind to promoter elements are often also involved in regulating DNA replication (DePamphilis, 1993; Lue & Kornberg, 1993; Armentero et al., 1994) . In TGMV, a G-box motif has been shown to be involved in both transcriptional regulation of the complementary-sense genes and virus replication (Eagle & Hanley-Bowdoin, 1997) . In this study, we have shown that the G-box motif from CLCuMV DNA b is important for the transcriptional regulation and specific binding to, as yet, unidentified host nuclear proteins. qPCR also demonstrated that the G-box motif, located 142 nt upstream of the bC1 start codon, is required for efficient replication of DNA b (Fig. 4) . This is also consistent with the finding that binding of a host nuclear protein(s) to the promoter region of TGMV AL2 and AL3 genes is required for efficient viral replication (Tu & Sunter, 2007) .
In conclusion, our results suggest that the G-box motif within the promoter region of CLCuMV DNA b acts as a positive regulatory element on bC1 transcription through interaction with a host transcription factor(s). This motif is also important for the efficient replication of DNA b. Identification and understanding of the role of a host factor(s) in bC1 transcription and replication will be important in designing control strategies for the cotton leaf curl disease complex. Fig. 4 . Effect of a G-box mutation on DNA b replication. The replication level of DNA b containing a mutation in the G-box motif was compared with wild-type DNA b in the tobacco leaf strip assay using qPCR. The replication levels of the mutant DNA b (white bars) and wild-type DNA b (grey bars) were normalized relative to the housekeeping gene, GAPDH. Data shown are the means±SD of triplicate reactions. Results of three separate biological replicates (Rep1, Rep2 and Rep3) are presented.
